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suMMARY

As psrtofa transonicrqsearchprogrsmthesensitivityof downwash
atthetailplanetofairlysystematicchangesinwingplanfo?mand
thic?messhasbeenevaluatedovera Machnumberrangeof approximately
0.6to 1.1,utilizingthetransonic-bumptechnique.Thispaperpresents

● a summaryof informationobtainedfromU. transonic-buqinvestigations
ofwingandwing-fuselageconflgurationsandcomparestheexperimental
resultswiththeoreticelesthationsmadeforsubsonicandsupersonic

P Machnmibers.

Of themanyvariablesinvestigated,themost~werful si&e factor
influencingthecharacterof downwashvariationwithMachnumberappears
tobe wingthicknessratio.Ifthewingthicknessis suchthaterratic
liftvariationssrepresentattransonicspeeds,similareffectson down-
washcanbe expected.Availablemethodsforestimatingthedownwash
slope&/&L athighsubsonicspeedsor lowsupersonicspeedsareprob-
ablysufficientlyaccurateforpreliminarydesignpurposeswhenapplied
atlowliftcoefficients,particularlyforwingsof smellthiclmessratio.
Withincreasesin sweepangleoraspectratio,anddecreasesintaper
ratio,thenonlineardownwashcharacteristicsoccurredat lowerlift
coefficientsandweremoresevere;whereaschangesinthicknessratio
hadlittleeffect.Theonsetofnonlineardownwashcharacteristicswas
delayedto considerablyhigherliftcoefficientsandtheseverityofthe
nonlinearitieswasreducedconsiderablyasthespeedwasincreasedfrom
subsonicto lowsupersonic.

supersedesrecentlydeclassifiedNACAResesrchMemorandumL52122
byJosephWeil,GeorgeS. Campbell,andMargaretS.Diederich,19’j2.

s



INTRODUCTION

Untilrecently,littleinformationof’a systematicnaturehasbeen
availablerelativeto theeffectsofwinggeometryon downwashcharac-
teristicsattransonicspeeds.As partofa transonicresearchprogram,
however,theeffectsof changesinwingplanformandthicknesswere
investigatedthrougha Machnumberrangeof approximately0.6to1.1by
utilizingthetransonic-bumpmethod.TheresultsofU. suchstudiesare
publishedinreferences1 toId..

Thepurposeof thepresentpaperistopresenta summaryofthe
informationgleanedfromtheverioustransonic-bumpinvestigationsof
wingandwing-fuselageconfigurationsattworepresentativetailheights
andto comparetheseresultswiththeoretical.estimationsmadeinthe
subsonicandsupersonicMachnumberrange.At subsonic’speeds,classical
horseshoe-vortexmethodswereusedto calculatetheoreticaldownwash
values.At supersonicMachnumbers,a recentlydevelopedline-vortex
method(ref.12)hasbeenemployedforsimilardownwashcalculations.
Thetheoreticalresultssoobtainedhavebeenextendedbeyondtheextremes
of theexperimentalMachnumberrangesothatdownwashestimatesaremade
availableforthissystematicseriesofwingsatMachnumbersup to~. ●

A
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downwash

floating

SYMBOLSANDABBREVIATIONS u

angle,deg

angleoffreefloatingtails(correspondsto G in—
refs.1 to 11),deg

incrementinfloatinganglefromzerolift,deg

angleof attack,deg

liftcoefficient,

dynamicpressure,

wingarea,sqft

Machnumber

wingspan,ft

tailspan,ft
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x

Y

z

z

‘c/4

A

1“

t

c~c

c~cav

c1

c

cav

z

distancebetweenquarterchordofwingmeanaerodynamicchord
andtailmeanaerodynamicchord,wingsemispsms

spanwisedistancefromplaneof symmetry,wingsemispsns

tailheightwithrespecttowing-chordplane,wingsemispans

distsncefromtailpivotaxisto tailliftingline;lifting
lineandqusxter-chordlineassumedcoincidentat subsonic
speeds

sweepofwfngquarter-chordline,deg

aspectratio

taperratio

msximumstresmwise-sectionwingthickness,ft

spanloadcoefficient

section-liftcoefficient

localchord

averagevdngchord,S/b

mean

Subscripts:

t tail

2 b/2
aerodynamicchord,~

J
c2dY

o

av average

e effective
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EXPERIMENTALMETHODS

ScopeofTestData %

DownWashcharacteristicsarepresentedinreferences1 to11forthe “
wing.andwing-fuselageconfigurationsshownontableI. It isevident
thattheconfigurationsinvestigatedweresufficientlysystematicto
affordlimitedstudiesoftheeffectsof sweepback,aspectratio,taper
ratio,andairfoilthickness.Datawereobtainedforfivetailheights
correspondingto a tail-heightrangeof about*kOpercentsemispanrela-
tiveto thewing-chordplaneextended.Forreasonsdictatedby thetest
setup,thedistancebetweenthemodelpivotandlocationofthefloating
tailswasmaintainedconstant;therefore,inasmuchas wingareas3so
remainedconstant,theratiooftaillengthtowingsemispanwasa func-
tionoftheaspectratio.(SeetableI.) An angle-of-attackrangeof
fromabout-2°to 10°wascoveredovera Machnumberrangeof about0.6
to 1.1.

Becauseofthelargebulkof downwashinformationobtainedinthe
experimentalinvestigationsreportedinreferences1 toI.1,a complete
analysisat alltailheightswasdeemedimpractical.Theanalysis
includedinthepresentpaper,therefore,hasbeenlimitedto tailheights .
on thechordplaneextendedand30percentofthewingsemispanabovethe
chordplaneextended.

“

TestTechnique

TheexperimentalinvestigationswereconductedintheLangleyhigh-
speed7- by 10-foottunnelby utilizinganadaptationoftheNACAwing-
fbw techniqueforobtainingtransonicspeeds.Themethodusedinvolves
mountinga semispanmodelinthehigh-velocityflowfieldgeneratedover
thecurvedsurfaceof a bumplocatedonthetunnelfloor.A more COM.

pletedescriptionofthetransonic-bumptesttechniqueispresentedin
reference13.

Effectivedownwashanglesweredeterminedbymeasuringthefloating
anglesof a numberof sweptbackfree-floatingtails(wingkplanformof
tableI)locatedbehindthevariousmodels.Typicaltestsetupsare
showninfigure1. Datawereobtainedforthefivetaillocations
shownintwoseriesofruns. (Seefig.l(a).) Itwasfoundfroma
preliminaryinvestigationthatthe2 inchtailspacingobtainedinthis
memnerenableddesignidormationtobe acquiredwithnegligibleinter-
ferencebetweenfloatingtailsattransonicspeeds.Forstudiesofthe
downwashcharacteristicsofthewing-fuselageconfigurationsthecen-
trallylocatedtailwasreplacedby a geometrictiysimilartailmounted
onthefuselage;therefore,a 0.4inchmoreoutboardspanwiseregionwas
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surveyedby thetail. (Seefig.l(b).) Furtherdetailsofthetest
. techniquemaybe foundinreferences1 to 11.“

No quantitativeinformationisavailableasto theeffectonwing-
span-loaddistributionoffactorsthatstemdirectlyfromthebump. techniquesuchas flowcurvature,Machnumbergradients,andlowtest
Reynoldsnumber(generallyof theorderof6 xl& to 8x 1~). As later
concludedfromthetheoreticalanalysis,effectson spanloadingexert
a muchgreaterinfluenceon downwashfortaillocationsonthechord
planeextendedthanforconsiderablyhighertailpositions.

It shouldbe pointedoutthatthetailfloatinganglesobtainedwere
a measureoftheangleof zeropitchingmomentabouttheswept-tailpivot
sxisratherthantheangleof zerolift(trueeffectivedownwashangle).
Thediscrepancybetweendownwashandfloatingangles,however,causedby
thepresenceof spanwiseandchordwisedownwashgradientswasestimated
tobe generallylessthan10percentof thedownwashanglefortails
locatedonthechordplaneetiendedandessentiallyzeroforthehigh
tailpositionanalyzed.

THEORETICALMETHODS
●

SubsonicMethod

.“
Subsonicvaluesofpint dowuwashwerecalculatedby summingthe

dowzurashcontributionsof 21horseshoevorticeslocatedalongthewing
quarter-chordlinead havingstrengthsdeterminedby thetheoretl.csl
span-loaddistribution.Theanalyticalexpressionforthedownwash
inducedby a singlehorseshoevortexisgivenonpage197ofGlauert’s
text(ref.14). Numericalvaluesforthedownwashinthe z = O pl=e
ofa rectangularvortexwereobtainedfromthetablesof reference15;
similarvalueswerecalculatedforthe z = 0.3 plane.Sincethetime
ofthesecalculations,downwashinthefieldof a singlehorseshoevortex
hasbeenpresentedforseveraltailheightsin reference16.

Twomethodswereusedto calculatethewing-span-loaddistributions
whichdeterminedthestrengthoftheindividualvortices.Themost
readilyavailablewingloadingssxethoseobtainedfromWeissinger’s
methodandaregiveninthechartsof reference17. However,compari-
sonsofWeissinger~s7-pointsolutionswithlifting-surfacetheoryand
withexperiment(refs.18 and19)indicateunsatisfactorypredictionof
loadingshapeforwingshavinga combinationofmoderatelyhighsweep

. andaspectratio.Somewhatmorereliableloadingshapesmaybe calcu-
latedas inreference18withoutunduelabor.Wingloadingsobtained
fromreferences17 and18 ad thedownwashfromsuchloadingsarecom-

i paredinthepresentpaper.

.—
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Resultsof calculationsforseveraloftheplanformsconsidered
inthispaperindicatedthatMachnumbervariationsinthesubsonic
rangehada negligibleeffectontheshapesofthespan-loadingcurves.
Itthereforewasconsideredjustifiableto account forMachnumbereffects

?

on ~~&!L by usingtheincompressiblespanloadings in conjunctionwith
an increaseintaillengthby theratio—.

P ~2
resultsfromapplicationofthethree-dimensional
formation.(Seeref.20.)

SupersonicMethod

.
Sucha procedure

~smdtl-Glauerttrans-

Thetheoreticalsupersonicdownwashinthispaperwascalculated
usingequations(41)and(46)ofreference12 for-thedownwashinthe
fieldof sweptandunsweptsupersoniclinevortices.Calculationsmade
forrepresentativeplanformsandtaillocationsindicatedthata con-
siderable.savinginlaborcouldbeeffectedby replacementoftheintegrsl
termsintheseequationswithequivalentfinitesummations.At thesame
time,accuracywasnotperceptiblyimpairedwhenthespanloadingwas
brokenup into20 stepsacrossthespan.Hence,thetheoreticalsuper-
sonicdownwashpresentedinthispaperwascalculatedbyusingsucha
finitesummation.Thesweepandchordwiselocationofthelinevortex

●

waschosento approximatethoseofthecurvedlineoflocalcentersof
pressure. .

Thesupersonicloadingspresentedinthispaperandusedinthe
downwashcalculationsaresubjecttotheusuallimitationsof small
perturbationtheory.Inthecaseofwingshavingsupersonicleading
andtrailingedges,thespm loadingwascalculatedby evaluatingthe
potentialatthetrailingedge,theexpressionforvelocitypotential
beinggiveninreference21. Designchartsarenow.availableinrefer-
ence22forthespanloadingof suchwings.Cohen’smethod(refs.23
to 25)wasusedto calculatetheloadingof.wingshavingsubsonicedges.
Fortheintermediatecaseof subsonicleadingedgeandsupersonic
trailingedge,theexpressionsof reference_26forlocalpressurewere
integratedanalyticallytoprovidespanwiseloading.

.—
—

Application

Thetheoreticaldownwashpresentedisdirectlyapplicableto iso-
latedwingconfigurations.Theeffectsofwing-bodyinterferencehave
notbeenconsidered.Theprincipaleffectof thisinterferenceonw@g
spanloadingprobablyisexperiencedinboardnearthejunctureand,as
willbe shownlater,isapttoproducethelargesteffectonthedown-
washcharacteristicsof tailslocatedonthewakecenterline.
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Formostofthecalculationsthevortexsheetwasassumedto be
withdisplacementandrolling-upofthetrailingvortexneglected.
assumptionisbelievedjustifiedinthelow-liftrange,particularly

inviewof thefactthattheconfigurationsstudiedwereclose-coupled
. andgenerallyofmoderateaspectratio.

As willbe shownlater,in certaininstmcesitwasfounddesirable
toestimatethedownwashon theassumptionthattheentiresemispan
trailingvorticitycouldbe concentratedina singletrailingvortex.
Forthelow-liftrangeinwhichtheestimationswereapplied,vortex
displacementwasneglected.Themethodusedfortheseestimationsmay
be foundinreference27.

As mentionedina previoussection,theexperimentalmeasurements
didnot representtrueeffectivedownwashaagl.es,butrathera measure
oftheangleof zeropitchingmomentof thefloatingtailaboutitspivot
Sxis. Inorderto coqparetheorywithexperimentitthereforewasneces-
saryto computethetailfloatingez@es fortheswepttailused(ting4
planform).Thiscomputationwasmadeby useofthefollowingdownwash-
weightingrelationship

(1)

C,c
where—

cLCa~
for theassumed45°swepttailcanbe foundinfigures4

and13.

Thetheoreticalpointdownwashhasbeenusednotonlyto obtainthe
floatinganglesforcorrelationwithexperimentbutalsoto obtainthe
theoreticaleffectsofwinggeometryon thedownwashcharacteristics
througha Machnumberrangeconsiderablybeyondtheexperimentalrsnge.
Forthelattercomputationsa measureof theangleof zeroliftofthe
floatingtail(effectivedowmwash)wascomputedby thefollowingrelation

(%!=‘J%(-)d(i%) (2)
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A summaryoffigurespresenting
tigationisasfollows:

theresults

Theoreticalspan-loaddistributionsandspanwise
gradients. . . . . . . . . . . . . . . . . .

Theoreticalvsriationofweighteddownwashslope
number . . . . . . . . . . . . . . . . . . .

Basicexperimentaldata . . . . . . . . . . . .

Experimental
Variations
Variations

Emerimental
L/4 = 35°
%/4= 450
%/4= 600

Experimental
+/4 = 35°

4/4
= 450

Experimental
At/4= 00
At/4= hpo

andesthuatedsweepeffects:
withMachnumber. . . . . . . . .
withliftcoefficient. . . . . . .

andestimatedaspect-ratioeffects:
. . . . . . . . ...0 . . . . . .
. . . . . ● . . . . . . . . . . . .
. . ...* . . . . . . . . . . . .

andest~atedtaperratioeffects:
. . . . . . . . . . ● ...0 ,..
..*.* ..**. . . . . . . . .

ofthesub~ectinves-

Figures

downwash
. ..*. .0 2to19

withMach
. . . . . . .20to 31

.*.., . . 32to 42

. . . . . . . 43to 47

. ..0. ● . 48to 53.

. . . . . . . 52tO 54

. . . . . . . 55to 57

. . . . . . . 58to 60

. . . . . . . 61t0 63

. . . . . ● . 64to 66

andestimatedeffectsof thicknessratio:
. . . . . . ● . . . . . . . ...* . . . . . . 67 and68
. . . . . . . . . . ● ..0. . . . . . . . . . 69and 70

Summaryof correlationbetweenestimatedandexperhentalresults:
M= 0.8 . . . . . . . .. . . . . . . . . . . . . . . . . . . ..71
M =l.l . . . . . . . . . . . . . . ● ...* . . ● . . . ., . .72

ANALYSISANDDISCUSSION

TheoreticalDownwash

D

.

.

Subsonic.-Thecomparisonofthespan-loaddistributionsobtained
fromthechartsofreference17 andthemethodsofreference18 isfairly i
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goodexceptforthewingsofthehighestsweepanglesandaspectratios
(wings5 and7). (Seefigs.5 and7.) Decreasingw- taperratio,
sweepangle,oraspectratiois shownto producea morefavorablecom-
parisonbetweenthetwomethods.Itis interestingto notethat,whereas
differencesinspan-loadgradientattributableto themethd Of calculation
representsizeabledifferencesinestimateddownwashangleperunitlift
fortailslocatedonthewing-chordpl.meextended,verylittlesensi-
tivityto theexactshapeofthespan-loadingcurveis indicatedwhen
thetailsurfaceislocated30percentofthewingsem@an abovethe
chordplaneextended.

Inviewofthefactthatthemethodsofreference17 areaptto
producesomewhaterroneousresultsforcertainof thewingsconsidered,
allsubsonicdownwashestimationspresentedanddiscussedM theremainder
ofthispaperutilizespanloadingscalculatedby themethodsofrefer-
ence18. Thevaluesoflift-curveslopeandthelateralcenterofpres-
surefortheincompressiblefinite-steploadingsarepresentedintable11.

An inspectionof figures2 to10 indicatesinmanyimtancesa rather
largespanwisegradientof bc~&L witha minbumvalueoccurringatthe
planeof symmetry.Forthehighertailpositioninvestigated(z= 0.3),
thegradientsin &/~L aregener~y negligible..

Increasingthetaillen@h to infinitygenerallyreducedthedown-
. washanglesby abut 10to 15percent.Thismagnitudealsorepresents

themsximumfirst-ordereffectsof compressibilityon thesubsonicdown-
washangles,sincethedownwashanglesin compressibleflowcanbe
obtainedby calculatingtheincompressibledownwashwiththetaillength

increasedby
&

.
~2

Supersonic.-Thespa-loaddistributimsfortheseriesof wings
investigatedshowedappreciableeffectsofMachnumberat supersonic
speeds,whichis inmarkedcontrastto thenegligiblechangesinwing
loadingfoundat subsonicspeeds.(Seefigs.11to 19.) As maybe seen
frcmnthespan-loadingshapesorfromthevaluesof lateralcenterof
pressure,increasingMachnumberat supersonicspeedsshiftedthecen-
terofloadprogressivelyoutboardinalLinstanceswiththeexception
ofthedeltawing(fig.18)forwhichno changeinloadingshapeis
indicated.

Spanwisedownwashgradientsinthechordplaneexbendedweregen-
erallymuchgreaterat supersonicspeedsthanat subsonicspeeds.# Inas-
muchas relativelysmalldifferencesareshownbetweenthedownwashchar-
acteristicsforfiniteandinfinitetaillengths,it isevidentthatthe

. largespanwisegradientsareprimarilyattributableto theshapeofthe
load-gradingcurveratherthancausedby fundamentaldifferencesinthe
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natureofthesubsonicandsupersoniccalculations.Raisingthetail
0.3semispanabovethechordplanegreatlyreducedthespanwisedownwash
gradientsandgenerallyreducedtheeffectofMachnumberon a+ac~. ●

VariationswithMachnumber.-Thetheoreticalpointvaluesof &/~L
presentedin figures2 to 19wereweightedby useofequation(2)to - .

obtainestimated(&/CL)e variationswithMachnumberforthenineplan

formsinvestigatedandforthetailconfigurationsshownintable1. The
variationof (ae[&)e tithMachnumberwascalculatedby a similar
weightingprocess.EstimationsarepresentedfortailheightsofO
and0.3semispanabovethewing-chordplaneextendedatfiniteandinfi-
nitetaillengths.(Seefigs.20to 31.) Althoughitisrealizedthat
the“Trefftzplane”results are physicallyinaccuratebecauseofwake-
distortioneffects,theinfinite-tail-lengthestimationswereincluded
becausetheygiveat leasta fairevaluationofthedifferencesbetween
rathershortcoupledconfigurationsandthosehavinglargetail&ngths.

.An arbitrarydashed-linefairinghasbeenusedintheMachnumberrange
from M = 0.8to 1.1 to connectthesubsonicandsupersonicvaluesof
(&/CL)e and (&/b)e.

An inspectionofthevariouscurves(figs.20to 31)showsseveral
interestingdifferencesbetweenthesubsonicandsupersonicdownwash
cheracteristies.Thedownwashslopesarea maximuminthechordplane
extendedat subsonicspeedsbutthisisnotalwaystrueat supersonic

speeds.IncreaseintallLengthreduced(&/~L)e and (&/b)e at
subsonicspeedsbutthereverseconditionwasgenerallyindicatedat
supersonicspeeds.

Fromthedataitwouldappearthatthesmallestchangeindownwash
parameter(bG/bCL)ewithMachnumberat low CL mightbe e~ebtedfor
a hightailatrelativelylargetaillength.Inthesweepseries,Mach
numbereffectsweresmallestforthe600configuration(fig.21). At
allspeedsthewingshavinglowestaspectratioandtaperratiohadthe
largestcomputeddownwashslopes.

ExperimentalIbwnwash

Effectof sweepangle.-Thebasicdataoffigures32to 42have
beenusedto determinethevariationof ?kf/&L withMachnumberinthe
low-liftrange.Forthewing-alone“condition,theunsweptwinggener-
allyproducedthehighestvalueof /be’aCL andalsodemonstratedthe
mosterraticchangesin bE’/&L aboveM = 0.85. (Seefig.43.) It
shouldbe pointedoutthattheunswept-wingdata(ref.1) showedsimilar

:

.
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irregularityiesinthelaterslcenterofpressure.Thisresuitindicates
thatsizeablechangesoccurinthespanloaddistributionoftheunswept
wingattransonicspeedswhicharedirectlyreflectedin aep2L.The
sweptbackwingsshowedrathersmallvariationsof a=’/~L with M par-
ticularlyat z = 0.3.

Theadditionofthefuselagehadthelargesteffectonthewingsof
greatestsweep.Forthetaillocatedonthechordplaneextended,it

&’/%L shownforthe45°adshouldbe rememberedthattheincreasesin
600wingsareatleastpartiallycausedbythemoreoutboardspanwise
locationof thefloatingtailinconjunctionwithlargespanwisedown-
washgradientsindicatedby theory.(Seefig.43.)

Cmnparisonsd theexpertmenta.1.andestimatedfloating-angleparam-
eter bC1/&L fOrthesweepSerieSas a functionofMachn~er are
showninfigures44to 47. A smootharbitraryfairingwasusedinthe
Machnumberrangebetweenlift-forcebreakandthelowestpointfor
whichsupersonicestimationsweremade. Incontradictionwithwhat
mightbe anticipated,thefloatinganglesforthewing-fuselageconfigu-
rationsagreebetterwithestimationsforthelowtailpositionat sub-
sonic speedsthandothecorrespondingwing-aloneconfigurations.For
z = O theestimatedfloating-angleslopeisgenerallyconsiderably
higherthantheexperimentalresults.(Seefigs.44 and45.) Theover-
allagreementbetweenexperimentalandestimatedresultsis seento be
considerablybetterfor z = 0.3(figs.46and47),however,perhaps
because&l/&L ismoredependentuponthetotalliftatthehigher
tailpositionandlessinfluencedbysmalldeviationsinthespan
loading.(seefigs.44 and46.)

Thevariationsoffloating-angleincrementswithliftcoefficient
arepresentedinfigures48to 51 forMachnumbersof 0.8and1.1. Only
limitedconclusionsregardingthedownwashcharacteristicsathigherlift
coefficientscanbe drownfromthesedatabecauseoftherestrictedangle
rangeobtainedintheoriginalinvestigations.Itisapparent,however,
thattheexbentofthelinearrangeof Ael againstCL decreaseswith
increasingwingsweep.Theliftcoefficientat whichthelateralcenter
ofpressuredepartsfromIJnearity(refs.1 to 11)hasbeenindicated
inthefiguresby a smaXlverticaltick. Itisevidentthattheonset
ofnonlinearityinvariationof Ae’ with CL isdirectlyrelatedto
theliftcoefficientatwhichchangesin spanloadingareknownto occur.
ForthesweptW-S, thecenterofpressuremovesinboardatthehigher
liftcoefficientsanda correspondingincreasein ~~’/&L is indicated;
fortheunsweptwingthereverseistrue. At M = 1.1,changesin span
loadingaredelayedto a higherliftcoefficientthanat M = 0.8 and
thiseffectisreflectedintheextensionoflineare’.
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Inviewoftheprecedhgdiscussion,itisapparentthatcorre-
lationbetweenexperimentalandpredictedresultscanbe definedby the
slopesshowninfigures~ to 47up totheliftcoefficientsindicated
by theticksinfigures~ to 51.

Effectofaspectratio.-Theeffectsofaspectratioon @~L
arepresentedinfigures52to 60. Increasingwingaspectratioalmost
alwaysreducedthefloating-angleslopeandproduceda somewhatsmeller
variationof aE’/&L withMachnumber.A sizeablebutratherincon-
sistentfuselageeffectisalsoshown.(Seefigs.52,55,and%.)

Themostsignificanteffectof aspectratioonthefloating-angle
characteristicsatthehigherliftcoefficientsis indicatedforthe
45°sweptpla formwhichshowsa largeincreasein &’/~L above
CL FU0.4 forthewingof aspectratio6 at subsonicspeeds.Although
thelimitedliftrangeprecludesa definiteconclusion,itisapparent
thatthelinearityof thecurveof Ae’ againstCL ismaintainedto
a somewhathigherCL forthewingwithenaspectratioof 4. Thefore-
goingtrends,whichmaybe affectedbythelowscaleofthetest,are
directlytraceableto earlieroccurrenceofflowchangesonthehigher-
aspect-ratiowingandwerereflectedbymovementsd thespanwisecenter
ofpressure.(&e verticalticks,fig.56.)

.

Ingeneral,theeffectsof aspectratioas determinede~erimentally ..
wereeitherslwayslessthanor approximatelyequaltotheestimated
increments.Thelargestdiscrepanciesbetweentheestimatedandexperim-
ental resultswereevidentforthewingwithenaspectratioof 2 and
At/4= 60° (fig.~). Forthiswingthechord-plane-extendedslopes
weremuchsmallerthanthoseestimatedby assumingno distortionof the
vortexsheet.Thislattereffectbecomesmorecriticalastheaspect
ratioisreducedandmaybe responsibleinpartfortheverypoor
agreement.

Effectsoftaperratio.-Forthetwowi~s havingapproximately
35°sweeptheeffectsof changingwingtaperratiowereconsiderablyless
thenestimatedfor z = O at subsonicspeeds.At lowsupersonicspeeds,
however,theagreementbetweenexperimentsndestimationwasquitegood. ,
(Seefig.61.) Machnumbereffectswerenotmateriallygreaterfor
wingsof eithertaperratio.

Forthetriangularwing,changesinwingspanloading,as indicated
by theverticalticksonfigure62,occurredat considerablylowerlift
coefficientsthanforthewingof k = 0.6 endthiseffectwasgenerally *
reflectedintheearlieroccurrenceofunstabletrendsinthehigherlift
downwashcharacteristics.Theadditionofthefuselagetothetriangular
wingproducedmoreunstabledownwashcharacteristicsinthehigherlift “
rangethroughoutthespeedrsnge.
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Decreasingthetaperratiofrom0.6to 0.3onthe45°sweptplan
. formdelayedandreducedthepronounceddecreasein ad\&L fOrtheti~

fuselagecondition(z= O) attransonicspeeds.(seefig.64.) The
agreementbetweenexperimentandestimationsis seentobe ratherpoor.
forthelow-tailpsition. Forthetailintheraisedposition,the
experimentalresultsindicatea ratherraggedvariationwith M, butthe
absolutevaluesagreefairlywellwithestimations.Thedataareinsuf-
ficienttoexplainthecauseof thesharphumpinthevariationof .?@/&L-
betweenM =1.05 and1.1 for k = 0.3, z = 0.30.

Effectsof wingthickn$ss.-Theeffectsof reducingthethickness
oftheunsweptwingfrom to 4 percentandofthe45°sweptwingof
aspectratio6 from9 to 6 percentarepresentedinfigures67to 70.
Itisevidentthat,forbothplanforms,reducingthewingthickness
producedbetteragreementbetweentheestimatedandexperimentalresults
attransonicspeeds.

Thelargesteffectsofthicknesswerepresentforthesweptwing
where,forthe9-percent-thickconfiguration,lossintiploadinginthe
low-liftrangenear M = 1.0 (ref.8) causeda largeincreasein &’\&L.
Forgeneralapplication,a roughideaofthecombinationofthickness.
ratio,aspectratio,andsweepforwhicherraticdownwashvariationsmight
be expectedinthelow-liftrangeattransonicspeedscanbe obtainedfrom
references28and29. Theincreasein &’/&L fortheSWeptwinginthe
higherliftrangeat subsonicspeedswaslittleaffectedby thickness
changes.

Summsryof correlationbetweenexperimentalandestimatedresults.-
Thevaluesof &/ *L at M = 0.8 estimatedby theassumptionofa flat
vortexsheetwerealmostalwaysconsiderablyhigherthsnvaluesobtained
fromtheexperimentalwing-alonedata. (Seefig.71.) Surprisingly
enough,theadditionof thefuselageactuallyresultedin somewhatbetter
correlation.Inthehighertaillocationconsiderablybettersgreernent
wasobtainedwithmostpointsfallingwithinthelinesindicating
+20percentdeparturefromthelineofperfectagreement.Withthe
possibleexceptionof wing9, itmightbe expectedthattheassumption
of a flatvortexsheetshouldbevalidat low CL. Nevertheless,inas-
muchasthecorrelationforthechordplaneextendedresultswascon-
sideredratherpoor,it“wasdecidedto calculatethedownwashonthe
improbableassumptionthatthetrailingvorticitywascompletelyrolled
up intotwodiscretevortices.Thecorrelationobtainedby useofthis

* methodis shownby theflaggedsymbolsof figure71. It is seenthat
theagreementusinga singlehorseshoevortexismuchimprovedforthe
lowtailposition.Thecorrelationfor z = 0.30 isessentiallythe.

. sameforeithermethodandisconsideredacceptableforpreliminary
designestimates.
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A correlationbetween
calculatedonthebasisof
ispresentedinfigure72.
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experimentalb+CL at M = I.1 andvalues
line-vortextheory(assuminga flatsheet)
As wasshowninthesubsoniccorrelation. i-

thedegreetowhich bd/~L canbepredictedisconsiderablybette~for
z = 0.30 thanfortailslocatedonthewakecenterline. Thepresence .
ofthefuselagedidnotmateriallyaffectthecorrelation.Aspreviously
pointedout,increasingthethicknessratiofrom6 percent(wing7)to
9 percent(wing8)resultsinlargespanloadchsmgeswhichproducea
detrimentaleffectonthecorrelation.

Thereplacementofthewingby a singlehorseshoevortex,whichwas
showntoworksowellat M = 0.8 wasalsotriedat M = 1.1. The
generalcorrelationat M = 1.1,however,wasmateriallyworsewhenthe
rolled-upvortexassumptionwasused, andit isnotsuggestbdthatthis
approachbeusedinmostinstancesevenforpreliminaryestimates;It
mightbe added,however,thattheexperimentaldataforwing9 (A. 2,
‘c/4= 600)>whichweretiverypooragreementwiththelineartheory
resultat z = O,werebroughtintoalmostperfectagreementwiththe
valueestimatedontheassumptionofa rolled-upVortexj thisresultindi-
catesthattheassumptionofa rolled-upvortexmightstillofferthe
bestapproachatlowsupersonicspeedsforwingsofverylowaspectratio.

.

CONCLUDINGREMARKS

A studyoftheeffectsofplanformandthicknesson theestimated
andexperimentallydeterminedtrsnsonicdownwashcharacteristicsof
variouswingandwingfuselageconfigurationsindicateda numberofpoints
of specialinterestwhicharesummarizedinthefollowingparagraphs.

Thethinwingsinvestigatedinthepresentpapergenerallyshowed
rathersmoothtransonicdownwashcharacteristicswithno importsntcon-
sistenteffectsof sweepangle,aspectratio,taperratio,ortailheight
onthevariationof therateof changeof downwashslopeb~/~L with
Machnumberinthelowliftrange. Althoughdatapertainingto thick-
nesseffectsweremeager,indicationswerethattheuseofwingshaving
thicknesslargeenoughtoproduceerraticvariationsof liftslopeat
transonicspeedsverylikelywillproducesimilarerraticvariationson
downwashcharacteristics.Theadditionofthefuselagetotheisolated
wingaffectedtheabsolutemagnitudeofdownwashslopemorethanit
affectedthevariationofthedownwashslopewithMachnumber.

At subsonicspeeds,a somewhatbettercorrelationbetweenestimated
andexperimentaldownwashslopeb@L wasobtainedfortailslocated
onthechordplaneextendedby thephysicallyimprobableassumptionofa
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completelyro~ed-upvortexsheetinsteadof a flatvortexsheet.For
a tailpositionconsiderablyabovethewakecenterline,assumptionof

. ~ithera flatorrolled-upvortexsheetgavean acceptablecorrelation
wi,thexperiment.At lowsupersonicspeedsuseof line-vortextheory
witha flatvortexsheetproducedresultsthatwereinfairagreement. withexperiment.

Anyconclusionsdrawnconcerningthedownwashcharacteristicsat
higherliftcoefficientsue somewhatrestrictedbecauseof thelimited
angle-of-attackrangeofmostofthetestdata. Itwasfound,however,
thatthelaterslcenter-of-pressuredataobtainedintheinvestigations
of thevariouswingscouldbe usedto determinetheliftcoefficientat
whichnonlinearitiesindowmwashmightbe expectedat allMachnumbers.
Increasein sweepangleandaspectratioanddecreaseintaperratiopro-
ducedearlierandmorepronouncedincreasesindownwashslopeathigher
liftcoefficients,whereasthicknesschangehadlittleeffect.Theonset
ofnonlineardownwashcharacteristicswasdelayedto considerablyhigher
liftcoefficientsandtheseverityof thenonlinearitiesreducedcon-
siderablyasthespeedwasincreasedfromsubsonicto lowsupersonic.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,Septeniber19,1952:
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SUMMARYOF THEORETICALLDT-CURVESLOPB
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Lift-curveSlope,per degree
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O.dlq
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I
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Lateralcenterof pressure,percentsemispan
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43.6
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0
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50.1
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1●3
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4.8.1

e

t I I
45.3

I
47.2 48.0 48.7

lVS.ImS .ghm fM. zero Maoh numbermloulatedby methodof reference18. -w=’
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